Abstract: The effect of hydration on the biomechanical properties of fibrin and fibrin-agarose (FA) tissue-like hydrogels is reported. Native hydrogels with approximately 99.5% of water content and hydrogels with water content reduced until 90% and 80% by means of plastic compression (nanostructuration) were generated. The biomechanical properties of the hydrogels were investigated by tensile, compressive, and shear tests. Experimental results indicate that nanostructuration enhances the biomechanical properties of the hydrogels. This improvement is due to the partial draining of the water that fills the porous network of fibers that the plastic compression generates, which produces a denser material, as confirmed by scanning electron microscopy. Results also indicate that the characteristic compressive and shear parameters increase with agarose concentration, very likely due to the high water holding capacity of agarose, which reduces the compressibility and gives consistency to the hydrogels. However, results of tensile tests indicate a weakening of the hydrogels as agarose concentration increases, which evidences the anisotropic nature of these biomaterials. Interestingly, we found that by adjusting the water and agarose contents it is possible to tune the biomechanical properties of FA hydrogels for a broad range, within which the properties of many native tissues fall. 
INTRODUCTION
Hydrogels are networks of polymer chains in which water is the dispersion medium that can be designed to meet defined swelling and mechanical properties. In addition, many hydrogels are biocompatible, which makes possible their potential use in a variety of biomedical applications. 1 Furthermore, some hydrogels have a fibrillose microstructure, which may be similar to the extracellular matrix of natural tissues. Therefore, hydrogels can be used as scaffolds for tissue engineering applications. 1 Unfortunately, most hydrogels are much weaker than native tissues from a mechanical viewpoint, which limits their practical use in tissue engineering. 2 The poor mechanical properties of these hydrogels are caused by several reasons, including the random alignment of fibers and the high water content of the materials. 3 Hydrogels used for tissue engineering applications can be classified into two groups: hydrogels made from natural polymers and hydrogels made from synthetic polymers. 4 One of the most commonly used natural polymers is fibrin, which is a biodegradable protein involved in the natural process of tissue repair upon injury. Fibrin forms long fibril chains which are very flexible, and possess high mechanical strength. 5 Furthermore, fibrin could form quite big threedimensional structures by connection of different fibrin fibrils. Such organization makes fibrin structures among the most resilient within the world of natural protein. 6 These characteristics of fibrin give fibrin hydrogels a potential for several tissue engineering applications. 7 However, new methods and techniques should be developed to improve the mechanical properties of fibrin hydrogels. In this regard, our research group described the combination of fibrin with agarose as a straightforward method to improve the mechanical properties of fibrin hydrogels in tissue engineering. 8, 9 Agarose is a polysaccharide extracted from marine red algae that forms thermally reversible biocompatible gels. 10 More recently, a nanostructuration method based on the application of a plastic compression resulted in the modulation of the mechanical properties of fibrin-agarose (FA) gels. 9 FA hydrogels have been successfully used for the preparation of different bioengineered tissues, including cornea, skin, oral mucosa, and peripheral nerve. 8, [11] [12] [13] [14] Dehydration by plastic compression proved to be an efficient way to improve the mechanical properties of FA hydrogels at 0.1% of agarose concentration. 9 Nevertheless, there is not any reported study that thoroughly analyzes the main variables of the preparation protocol of this kind of hydrogels, that is, the agarose concentration and the water content.
The aim of this work is to analyze in details the effect of hydration grade and agarose content on the biomechanical properties of FA hydrogels. For this aim, we prepared several FA hydrogels with different agarose content and aliquots of each of them were subjected to plastic compression of different strength in order to vary the hydration grade. The mechanical behavior of the obtained hydrogels was measured under tensile, compressive and shear loads, to achieve a complete mechanical characterization of the biomaterials and a deeper knowledge of their potential for tissue engineering applications.
METHODOLOGY

Preparation of hydrogels
For the production of fibrin and FA hydrogels we used a mixture of human fibrin and agarose. For this aim, we adapted the method reported in Ref. 8 . Briefly, we produced a fibrin gel by mixing 3.8 mL of human plasma of blood donors (kindly provided by Dr. Fernandez-Montoya, Human Tissue Bank of Granada) and 75 lL of tranexamic acid in a petri dish. Note that tranexamic acid is an anti-fibrinolytic agent that prevents degradation of the scaffold. Then, 0.25 mL of a solution of 2% CaCl 2 was added to the solution to activate the fibrin polymerization process. Finally, a given amount of type VII agarose in PBS (0.02 g/mL of concentration) was added to the mixture, to a final agarose concentration of 0, 0.1, 0.2, 0.3, 0.4, and 0.5%, and the final volume was adjusted to 5 mL with Dulbecco's Modified Eagle's Medium. Gels were then kept at 37 C until complete gelation. As control, a gel consisting only of type VII agarose in PBS (0.02 g/mL of agarose) was used. We will refer to this gel as pure agarose gel. Once generated, some fibrin and FA hydrogels were subjected to plastic compression (nanostructuration) of different strength to partially dehydrate them and to obtain fibrin and FA gels with different levels of hydration (approximately 99.5, 90, and 80%). To be precise, we placed the samples between a couple of filter nylon membranes with a 0.22 lm pore size, and compressed them between a pair of sterile Whatman 3 mm absorbent papers under a flat glass surface. We applied uniform mechanical pressure to the hydrogels until they reached the weight corresponding to the desired water content percentage (80 or 90%). By applying these methods, we obtained: (1) fully hydrated hydrogels with a water content of approximately 99.5%, (2) nanostructured hydrogels with a water concentration of 90%, and (3) nanostructured hydrogels with 80% of water content.
The combination of the two parameters (agarose content and hydration grade) gave rise to the production of 18 different formulations of fibrin and FA hydrogels. We produced 11 samples for each of the 18 formulations, and tested four of them under tensile stress, four under compressive load, and three under shear stress. Results shown in this article correspond to the average of the measurements. Note that all the prepared hydrogels had a disk-like shape and that the direction of nanostructuration coincided with the main axis of the disk-like sample (Fig.  F1  1) .
Microscopic analysis of fibrin and FA hydrogels We characterized the structure of the hydrogels from a microscopic viewpoint by means of scanning electron microscopy (SEM). For this aim, we sectioned the hydrogels in longitudinal and transverse planes.
We measured the thickness of the samples with the help of a light microscope (Nikon Instruments). For this, we placed each sample on a microscopy slide, focused on the top of both the sample and the slide, and determined the difference in the Z-axis focus between the two positions.
Rheological tests under shear stress
We evaluated the rheological properties of the hydrogels under shear stress with a Haake Mars III rheometer. The measuring geometry consisted of a pair of parallel plates, with serrated surfaces in order to avoid wall slip. In each case, we adjusted the gap between the plates to the thickness of the respective sample. We conducted all the shear measurements at 37.0 6 0.1 C under a water vaporsaturated atmosphere. We analyzed two regimes of simple shear: steady-state regime and dynamic or oscillatory regime. In steady-state measurements, we subjected the samples to a ramp of increasing shear strain, c, and the corresponding shear stress, r, was monitored. In these experiments, the shear strain was increased at a constant rate of 0.01 s
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. From r versus c curves, we obtained the shear (or rigidity) modulus of the hydrogels, which is defined as G 5 r/c. In this work, we determined the shear modulus as the slope of the initial linear part of the r versus c curves. In dynamic (oscillatory) measurements we subjected the samples to a sinusoidal shear stress given by r 5 r 0 sin(2pft), and the corresponding (oscillatory) shear strain, c 5 c 0 sin(2pf t 1 d) was monitored. In these equations, f (Hz) is the frequency, r 0 and c 0 are the stress and strain amplitudes, respectively, and d is a lag angle between the phases of the stress and the strain. From such a kind of experiments, we obtained the so-called viscoelastic moduli, which completely characterize the viscoelasticity of the materials under shear: the elastic or storage modulus (G 0 ) and the viscous or loss modulus (G").
We performed two different kinds of oscillatory tests: amplitude sweeps and frequency sweeps. In amplitude sweeps, the frequency was fixed at f 5 1 Hz and the amplitude of the applied stress, r 0 , was increased until a value high enough to reach the non-linear viscoelastic region (NLVR). The NLVR is characterized by a non-linear response of the viscoelastic moduli (G 0 and G"), for r 0 values larger than a critical shear stress amplitude (r c ). For r 0 values smaller than r c , the viscoelastic moduli are almost independent of r 0 (a pseudoplateau is usually observed when G 0 and G 00 are plotted as a function of r 0 ). This region is commonly known as viscoelastic linear region (VLR). Once we determined the values of r 0 pertaining to the VLR, we carried out frequency sweeps. In these measurements, r 0 was maintained at a constant value well into the VLR, and a frequency sweep was carried out. As a result, we obtained the frequency dependence of G 0 and G 00 . We limited the frequency range to a maximum of 7 Hz in order to make negligible the influence of sample inertia in the performed measurements. 15 Tensile and compression tests For the tensile tests we used an electromechanical material testing machine (Instron, Model3345-K3327). For these tests, we cut the disk-like hydrogels into cuboid samples of a width of 10 mm, a length of 60 mm and a height equal to the thickness of the disk-like hydrogels (Fig. 1) . The samples were oriented with their length along the direction of tension ( Fig. 1) . We fixed the distance between the clamps of the testing machine to 15 mm. Therefore, the volume of the samples that underwent tensile stress had dimensions of 10 mm 3 15 mm 3 thickness of the sample. The remaining parts of the samples were gripped between the clamps. The tests were run at a constant strain rate of 5 mm/min at room temperature. The Young's modulus was calculated as the tangent modulus of the initial, linear portion of the stress-strain curve of each experimental run, while the stress at break (r break ) and the strain at break (e break ) values were determined by selecting the point of the stressstrain curve where the fracture occurred.
We used the same electromechanical material testing machine (Instron, Model3345-K3327) for the uniaxial compression tests. In this case, the hydrogels were cut into cuboid samples of a width of 15 mm, a length of 15 mm and a height equal to the thickness of the disk-like hydrogels ( Fig. 1) . The samples were placed between two impermeable, unlubricated platens, oriented with their thickness along the direction of compression (Fig. 1) , and submitted to unconfined compression at a constant strain rate of 1 mm/min at room temperature. The elastic compressive modulus was determined from the slope of the stress-strain curve at 15% of strain.
RESULTS
Microscopic analysis of fibrin and FA hydrogels From SEM observations it was clear that the effect of nanostructuration was a qualitative decrease of porosity and, thus, an increase of fiber density in the hydrogels (Fig.  F2  2) . In addition, in the non-nanostructured hydrogels there was an approximately random alignment of the fibers. On the contrary, for hydrogels subjected to nanostructuration of increasing intensity, a progressive distribution of fibrin fibers in parallel layers was seen, especially in hydrogels with 80% of water content (Fig. 2) . Concerning the agarose content, and in comparison with the homogeneous network of fibrin fibers observed in fibrin gels, this network was disrupted by the presence of agarose spots throughout the hydrogel (Fig.  F3 3). Regarding the thickness of the hydrogels, we obtained that this parameter decreased dramatically for the nanostructured samples with respect to the non-nanostructured (native) ones (Table  T1 I). We also obtained that the thickness was smaller when the nanostructuration was stronger. With respect to the effect of agarose concentration on the thickness, our results indicate that the latter increased moderately with the former for both non-nanostructured and nanostructured hydrogels (Table I) .
Rheological tests under shear stress Steady-state measurements. We observed two different trends for the dependences of the shear modulus, G, on the hydration grade and the agarose content (Fig.  F4  4) . On the one hand, G of the hydrogels increased with the agarose concentration. On the other hand, G of the hydrogels decreased when the hydration grade increased. Thus, the highest value of the shear modulus was obtained for the FA 0.5% hydrogels nanostructured down to 80% of hydration.
Oscillatory measurements. The curves of G 0 and G 00 versus r 0 at a frequency of 1 Hz showed an initial pseudoplateau, followed by a sharp drop, as illustrated in Figure  F5  5 for the non-nanostructured FA 0.5% hydrogels-the rest of the fibrin and FA hydrogels show a similar trend (curves not shown here for brevity). The initial pseudoplateau was associated to the VLR, as mentioned above. As observed, in this region, G 0 is almost one order of magnitude higher than G 00 , something that holds for any of the hydrogels studied in our work.
From curves like these shown in Figure  F8  8 , we obtained the average value of the viscoelastic moduli (G 0 and G 00 ) pertaining to the VLR of the different fibrin and FA hydrogels (Fig.  F6  6 ). As observed, the values of both G 0 and G 00 increased with the agarose content in the hydrogels, for all the hydration grades. With respect to the effect of hydration, we observed a trend of the viscoelastic moduli to increase when the water content in the hydrogels decreased. Note that these trends were similar to these shown by the shear modulus.
Concerning the dependence of the viscoelasticity of the hydrogels corresponding to the VLR with the frequency of the oscillatory shear stress, all the fibrin and FA hydrogels showed a similar trend, characterized by a slight increase of both G 0 and G 00 with frequency, as depicted in Figure  F7 7 for the non-nanostructured FA 0.5% hydrogel. Finally, the analysis of control pure agarose gel revealed that the values of G 0 and G 00 of this gel were equal to 8.80 and 0.27 kPa, respectively.
Tensile and compression tests Tensile Young's modulus. Our results showed an important influence of water and agarose contents on the tensile Young's moduli of the fibrin and FA hydrogels (Fig. 8) . For all agarose contents, the hydrogels at 80% of hydration showed the highest values of tensile Young's modulus, while the non-nanostructured samples showed the smallest values of this parameter. In particular, the values of the Young's modulus of samples with 80% of hydration were more than two times higher than the values of samples with 90% of hydration, and up to 40 times higher than the values shown by the non-nanostructured hydrogels. Regarding the effect of agarose content, for all hydration grades the Young's modulus decreased when agarose content increased. Consequently, the highest value of the Young's modulus (0.46 6 0.05 MPa) was associated to fibrin (0% of agarose) hydrogel with 80% of hydration. The analysis of control pure agarose gel revealed that the value of the Young's Modulus of this gel was equal to 0.03 MPa.
Tensile stress and strain at break. The analysis of the results of the stress at break showed that the fracture of the samples with 80% of hydration occurred at higher values of tensile stress, as compared to samples with higher water content, independently of the agarose content (Fig.  F9  9) . In particular, the values of the samples with 90% of hydration were less than half of the values of the samples with 80% of hydration at the same agarose concentration. Concerning the non-nanostructured samples, these tended to fracture at very low stresses in comparison with samples with lower percentages of water. With respect to the effect of agarose content, the stress at break showed a clear tendency to decrease as the agarose concentration increased. Therefore, similarly to the tensile Young's modulus, the highest value of the stress at break was obtained for the fibrin (0% of agarose) hydrogel with 80% of hydration (0.61 6 0.13 MPa). The analysis of control pure agarose gel revealed that the value of the stress at break of these gels was equal to 0.007 MPa. For the strain at fracture, the same trends were found (not shown here for brevity).
Compressive elastic modulus. Similarly to tensile tests, compression tests showed an important influence of hydration grade and agarose concentration on the mechanical behavior of the fibrin and FA hydrogels. Results demonstrate that the hydrogels at 80% of hydration had the highest values of elastic modulus, for all agarose concentrations (Fig.  F10  10) . Regarding the effect of agarose content, the compressive elastic modulus increased when the concentration of agarose increased, contrarily to the case of the tensile Young's modulus. The analysis of control pure agarose gel revealed that the value of the compressive elastic modulus of this gel was equal to 0.08 MPa.
DISCUSSION
The addition of a quantity of agarose to fibrin hydrogels and the application of plastic compression (nanostructuration) to dehydrate them, have previously shown to be effective methods in modulating the mechanical and optical properties of fibrin-based biomaterials. 8, 9 However, to our knowledge, a complete biomechanical analysis of FA tissuelike model has not been conducted to date. In this work, we have studied the effect of agarose content and hydration grade on the biomechanical behavior of fibrin-based hydrogels under tensile, compressive and shear stresses, in order to determine the most appropriate biomaterials for the generation of artificial tissues by tissue engineering. Our results showed that both agarose content and hydration grade have an important effect on the biomechanical properties of the hydrogels, and both parameters should therefore be controlled during the ex vivo fabrication process of human tissues.
Effect of nanostructuration
As the hydration grade of the biomaterial decreases, there is a progressive and significant increase in the elastic moduli under tensile and compressive stresses, and a similar increase of the viscoelastic moduli under shear stresses. In addition, the application of plastic compression also increases the tensile stress and strain at failure. This can be interpreted in terms of the modifications in the threedimensional structure that the nanostructuration provokes on fibrin fibers and probably on agarose as well: the plastic compression drains part of the water that fills the spaces inside the porous network of fibers, producing a denser and stiffer material, as seen in Figure 2 ; the closer distance between fibers may enhance the formation of covalent interactions and hydrogen bonding between the molecules of the biomaterial, which additionally contributes to the increase of the characteristic biomechanical parameters of the hydrogels, as previously demonstrated for fibrin hydrogels. 16 Effect of agarose content Properties under shear stress and compression stress. The addition of a defined quantity of agarose to the fibrin hydrogels produced more consistent and easier-tohandle biomaterials, which showed to possess higher elastic moduli under shear and compressive stresses. In these tests, the characteristic biomechanical parameters increase almost linearly until 0.3% of agarose concentration, the increase being weaker for higher agarose content. This is likely because agarose has great water holding capacity, which apparently makes the biomaterial more resistant to compressive and shear stress. In fact, hydrogels made with pure type VII agarose at 2%, tested under compressive and shear stresses, showed values of compressive elastic modulus, storage modulus and loss modulus higher than any of the fibrin and FA hydrogels of the present study. The high water holding capacity of agarose is also evidenced by the increase of the thickness of the samples with agarose content (Table I) . These results are in agreement with previous reports by our research group suggesting that the viscoelastic moduli tend to increase with increasing agarose concentrations.
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Properties under tensile stress. In contrast, tensile tests showed that the addition of agarose provokes a decrease of the elastic modulus, the stress at fracture and the strain at fracture under tensile stress, until an asymptotic value that is reached approximately at 0.3% of agarose, depending on the hydration grade. Interestingly, the effect of agarose content in tensile tests differs from the results obtained in compressive and shearing tests. This finding suggests that the mechanical properties of fibrin and FA hydrogels are strongly dependent on the direction of the forces applied to these biomaterials, implying that these gels could be anisotropic upon nanostructuration. In this regard, previous works demonstrated that fibrin fibers have the capability of distributing the forces throughout the fibril network under stress, so that the strain concentrations may be shared by all fibrils, resulting in a sequential stiffening of the fibrin hydrogels. 17, 18 It is, therefore, evident that the direction of the fibers within the biomaterial will influence the behavior of the mesh upon mechanical testing. For this reason, the different orientation of the samples in the different measurements with respect to the direction of gravity and nanostructuration forces during preparation could explain these results. To be precise, in compression tests the stress is applied in the same direction as the gravity and nanostructuration forces, whereas in tensile tests the force is applied perpendicularly to these forces (Fig. 1) . Thus, in compression tests, the water holding capacity of agarose, together with the weak compressibility of water, may explain that the highest agarose content was associated to the highest elastic moduli. On the contrary, tensile tests reinforce the idea that these gels are anisotropic. When nanostructured hydrogels are subjected to tensile stress, the presence of agarose molecules attached to the fibrin fibers, as revealed by SEM, could reduce the ability of fibrin to distribute the load across the network, thus limiting the sequential FIGURE 9 . Tensile stress at fracture of fibrin and FA hydrogels plotted as a function of agarose content. D: Non-nanostructured hydrogels; ᭺: Nanostructured hydrogels with 90% of hydration; w: Nanostructured hydrogels with 80% of hydration. Error bars correspond to standard deviations. Non-nanostructured hydrogels; ᭺: Nanostructured hydrogels with 90% of hydration; w: Nanostructured hydrogels with 80% of hydration. Error bars correspond to standard deviations. stiffening capability of fibrin hydrogels. On the other hand, the presence of non-homogeneities, derived from the addition of agarose, could influence the tensile tests results, which are very sensitive to any irregularities in the biomaterial, which is homogeneous otherwise. In the case of shearing tests, the samples are subjected to shearing forces in a plane perpendicular to the direction gravity and nanostructuration forces (Fig. 1) . Very likely, the presence of waterswelled agarose reinforces the connection between different layers of fibrin fibers, which otherwise will be more free to slip one over another.
Potential applications of FA tissue-like hydrogels in tissue engineering Both fibrin and agarose are materials that can be used as cell culture substrates and/or scaffolds due to their biocompatibility and cell binding sites. Thus, from the point of view of cell adhesion and biocompatibility, fibrin and FA hydrogels can be safely used as scaffolds for the regeneration of tissues. Nevertheless, potentiality for precise applications will depend on the biomechanical properties of the native tissue to be replaced, which should be matched by those of the artificial hydrogels. Previous works demonstrated that the values of the viscoelastic moduli of nanostructured and non-nanostructured FA hydrogels at 0.1% of agarose are comparable to the ones of porcine cornea and human vocal fold mucosa, respectively. 9, 14 Our present study demonstrates that it is possible to adjust the biomechanical properties of fibrin and FA hydrogels within a broad range, by changing the agarose content and the hydration gradethe Young's Modulus ranges between 5 and 460 kPa, the compression elastic modulus between 1 and 75 kPa, G Figure 11 , the viscoelastic moduli of some native tissues, as determined by previous reports, fall within the ranges covered by our fibrin and FA hydrogels. [19] [20] [21] [22] [23] [24] Human tissues from cornea, oral mucosa, nerves, and liver present viscoelastic moduli in the range of the fibrin and FA hydrogels analyzed in this work, suggesting that the FA technology could be used for the efficient replacement of these tissues form a mechanical standpoint. 9, 15, 24 Another potential application of fibrin and FA hydrogels is their use as soft tissue fillers in surgery, an application which would benefit from the high water holding capacity of agarose. 10 Note that the viscoelastic moduli of our fibrin and FA hydrogels cover those values reported for commercial soft tissue fillers. 25 According to the values of their tensile Young's modulus and compressive elastic modulus, our fibrin and FA hydrogels also match the properties of a number of native tissues, including liver, muscle, kidney, cervix, breast and artery, supporting again the potential usefulness of these biomaterials (Fig. 12 )-see Refs. 26 and 27 and references therein. In addition to these human tissues, fibrin and FA hydrogels might be successfully used as scaffolds for the regeneration of other human tissues. For example, although the values of the elastic shear modulus of our fibrin and FA hydrogels are lower than those reported in literature for native cartilage (G 0 0.03 MPa), 28 the use of agarose content above the 0.5% used as a maximum in our work, could possibly contribute to the generation of hydrogels appropriate for cartilage regeneration. In fact, there are studies where fibrin and agarose scaffolds are used for cartilage regeneration. 29 Fibrin and FA hydrogels could also be used for the regeneration of damaged skin or as subcutaneous adipose tissue, even though the value of the viscoelastic moduli of skin tissues (G 0 2 MPa) or subcutaneous adipose tissue (G 0 104 Pa; G 00 103 Pa) are higher than the ones measured for FA. 20 Again, the viscoelastic moduli of FA hydrogels could probably be increased above the values reported in this work by increasing the agarose content. Future works should determine the usefulness and biocompatibility of these types of hydrogels for other applications.
CONCLUSIONS
In this work, we have analyzed the effects of water and agarose contents on the biomechanical properties of fibrin and FA tissue-like hydrogels. For this aim, we have performed tensile tests, compressive tests and shear tests. Results of our study demonstrated that the biomechanical properties of these hydrogels can be modulated within a broad range by adjusting the agarose and water contents. The combination of nanostructuration and agarose contents allowed adjusting the biomechanical properties of FA hydrogels within a broad range, matching the properties of a good number of native tissues. The adjustability of the mechanical properties of FA hydrogels, together with their inherent biocompatibility, opens the possibility of a broad range of applications in medicine, where biocompatible, biodegradable, and natural biopolymers with high resistance are required. Cell viability studies with different cells sources should be performed in the near future in order to determine the potential usefulness of FA tissue-like hydrogels for these applications.
